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Abstract 
In this report, we describe a method and the resultant performance data for precise and efficient laser pulse width stabilization in 
the ultrafast laser regime.  The pulse quality feedback mechanism is based on a two-photon absorption detector, and the 
adjustments to system dispersion are executed by embedded software tuning the inter-grating distance in the pulse compressor.  
Relative pulse width variability of only 4% is demonstrated over 8 hours despite changing ambient conditions.  To our 
knowledge, this is the first ever ultrafast laser pulse autonomous stabilization scheme integrated into an industrial platform.   
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1. Motivation for Pulse Width Stabilization  
Ultrafast lasers have become essential tools for advanced micromachining and materials processing.  When 
delivered properly to the target, the extreme brevity of the pulses facilitates material removal without imposing 
appreciable thermal effects on the remaining structure.  Despite this highly attractive capability, ultrafast lasers have 
historically been confined to research laboratories owing to the inherent temperature sensitivity of the high pulse 
energy ultrafast laser architecture.  Specifically, the highly dispersive pulse stretchers and compressors used in 
chirped pulse amplification (CPA) systems easily drift out of balance with each other which yields pulse 
broadening.  In the research laboratory, the trained researcher will retune the CPA system by manually adjusting the 
stretcher and/or compressor parameters—while monitoring pulse width with an intensity autocorrelator or similar 
instrument—to maintain consistent laser output for experiments.  This is clearly not a paradigm that is transferable 
into industrial manufacturing scenarios.  The following paragraphs illustrate the need for sustaining stable pulse 
quality, then in the next sections we describe our integrated stabilization technique and the experimental results 
using a prototype laser system.   
 
There has been considerable dialogue in the laser materials processing community regarding the enabling pulse 
duration for achieving athermal ablation—where the remaining material shows no heat affected zone (HAZ) [1].  
The specific solution is process dependent since the laser repetition rate as well as the material feed rate influence 
spatial heat build-up.  Nonetheless, there are general trends that have been well documented, including a pulse width 
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requirement based upon the physical properties of a given material.  The pulse width regime for nonthermal ablation 
is defined by equation (1):  
 
ɒاɁʹ ൗ                                                                                       (1) 
 
where Ĳp is the laser pulse duration full width at half maximum (FWHM) power, į is the optical skin depth, and D is 
the thermal diffusivity of the material [2].  There is some variety in the pulse width requirements for different 
materials since the electron-phonon coupling time can range from less than one picosecond to several tens of 
picoseconds [3].  Moreover, this condition holds for single pulse fluence near the ablation threshold.  Well above 
threshold, there is generally a downward trend—to shorter pulse duration—required for athermal ablation [4].   
 
In addition to defining the inflection point where the process transitions to being athermal, the laser pulse 
duration plays a large role in the material removal rate since pulse energy that contributes to thermally damaging the 
target substrate is not efficiently contributing to material removal.  As example, we illustrate a significant change in 
slope for Nitinol machining rate versus pulse duration that occurs near 1.2 ps.  Complete details of this experiment 
are provided in [5] and are summarized here to help the reader understand the importance of the newly developed 
pulse width stabilization scheme.   
 
In order to maximize relevance to real applications, we chose Nitinol, a nickel-titanium shape memory alloy, as 
the material for analysis since it is widely used for the manufacture of cardiovascular stents and other medical 
devices—a primary commercial application for ultrafast lasers.  The raw tubing has typical dimensions for stents: 
1.83 mm (0.072”) outer diameter and 267 ȝm wall thickness.  The tubing is positioned in a standard stent cutting 
workstation comprising a laser lathe style motion control system (Rofin StarCut Tube), a Raydiance Smart Light 
laser system, and beam delivery head capable of coaxial gas flow to the target.  Machining time is measured by 
recording the signal from a visible light photodiode that is positioned adjacent to the ablation site.  Strong visible 
spectrum light is emitted by the ablation plasma, and with the use of a high speed oscilloscope, the rising and 
trailing edges of this emission provide accurate temporal markers for the start and stop of machining [6].   
 
Figure 1 (Left) and (Right) show, respectively, a functional sketch of the Nitinol machining rate measurement 
set-up and an example measurement of the machining time to cut a washer.  We cut washers, or little rings of 
material, from the end of a Nitinol tube using continuous tube rotation with a linear feed rate of 15 mm/s (0.6 in/s) in 
the plane of beam focus, and we measured the total time to cut each washer at the different pulse durations.  We 
selected this simple machining routine for the comparison since it removes pattern dependence and incubation 
effects that can skew observations of fundamental ablation rate [7].   
 
     
Figure 1: (Left) Experimental set-up for the Nitinol machining rate tests and (Right) an example machining interval measurement using the 
visible light photodiode to monitor plasma emission.  SOP – state of polarization.   
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The laser parameters are: 1552 nm wavelength, 44 ȝJ pulse energy, 100 kHz pulse repetition rate (4.4 W average 
power), 6 mm beam diameter entering the focusing lens, beam quality M2 < 1.2, and tunable pulse duration from 
677 fs to 12.7 ps.  Pulse duration is tuned by modifying the inter-grating distance in our Treacy pulse compressor 
[11].  The beam is focused using a 50 mm focal length Gradium lens (Lightpath) to approximately 20 ȝm spot 
diameter at the tube surface for a fluence of 14 J/cm2.  The beam exits the delivery head (Laser Mechanisms) 
through a nozzle to provide on-axis purge gas (6 bar argon).  The nozzle stand-off from the tube is 254 ȝm (0.010”).   
 
Eleven washers were cut at each pulse duration from 677 fs to 12.7 ps in order to gather a modest statistical 
distribution.  The mean washer cut-off times are shown in Figure 2, and the independent error bars for each data 
marker correspond to the standard deviation for each set.  The chart also shows linear trend lines leading away from 
the inflection point near 1.2 ps.  Above this point, the slope of cut-off time versus pulse duration is four times higher 
than below this point, indicating a strong shift in the fundamental ablation phenomenon.  Moreover, it should be 
noted that the washer cut-off time for 12.7 ps pulse duration is 2.5 times longer than at 677 fs.  This is likely the 
result of increasing level of pulse energy deposited as heat for these longer pulse durations.   
 
 
Figure 2: Nitinol washer cut-off time vs. laser pulse duration in the ultrafast regime [5].  Below 1.2 ps, the material ablation process becomes 
athermal, hence machining is most efficient.  Above this point, an increasing proportion of laser energy contributes heat and collateral damage to 
the substrate, and the machining process requires increasing time per part.   
The notable kink in the longer pulse dependency that occurs near 5 ps is possibly the result of a phonon 
resonance that impacts material removal rate, since the electron-phonon relaxation times for the constituent metals 
are relatively close to this value, e.g. nickel has relaxation time of 7 ps [8].  It should also be noted that the standard 
deviation values (error bars) increase with increasing pulse duration.  This is likely a result of the stochastic nature 
of ionization-induced laser ablation, and tighter confinement of pulse energy with shorter pulses yields a more 
deterministic event [9].   
 
We present this Nitinol machining speed data here to point out the critical dependence of laser material 
processing on laser pulse duration in the ultrafast regime.  Indeed, ultrafast laser sources built for industrial 
applications must have stable and consistent pulse duration over the full envelope of ambient conditions expected in 
the industrial platform.  Herein, we present our method for locking in femtosecond class pulse duration with an 
integrated and autonomous control system that maintains this critical performance parameter over time and 
temperature change.  In the next section, we describe the pulse stabilization technique as well as our evaluation 
method.   
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2. Description of Pulse Stabilization and Evaluation Methods 
As noted above, the dominant undesirable pulse broadening mechanism in CPA systems is disturbance of the 
system dispersion balance as a result of changing ambient conditions for the packaged laser.  A straight-forward 
corrective mechanism is also known: making small adjustments to the pulse stretcher or compressor alignment to re-
balance the system dispersion.  The challenges overcome in the present work include engineering of a simple and 
effective pulse quality sensor, automating the dispersion adjustment method, and crafting a closed loop feedback 
controller to react to pulse width drift.  An alternative to this active stabilization method would be passive isolation 
from the environment, such that ambient changes do not alter the internal dispersion balance.  To date, there has 
been no demonstration of a CPA system passive packaging scheme that would be effective over a realistic industrial 
operational temperature range, e.g. 10 to 40 °C.   
 
Autocorrelators and other ultrafast laser pulse analysis instruments are not suitable at present for industrial 
system integration owing to their optical, mechanical, and data analysis complexity.  Nonetheless, multi-photon 
absorption detectors can provide sufficient information regarding relative pulse quality as laser pulse duration is 
adjusted [10].  Since multi-photon absorption is proportional to peak irradiance on a sample—and peak irradiance is 
inversely proportional to pulse duration—the maximum multi-photon event probability occurs simultaneous with the 
best temporal confinement of the laser pulse energy, i.e. the maximum photon overlap in time.  In the present case, 
the ultrafast laser wavelength is 1552 nm, and we utilize a simple silicon (Si) photodiode (with high gain 
transimpedance output stage) as sketched in Figure 3.  The linear absorption (hence photocurrent) of the silicon 
device at 1552 nm is negligible under normal conditions.  However, with the high peak power inherent with 
femtosecond class laser pulses, strong two-photon absorption (2PA) will occur when the laser output beam is 
focused onto the silicon detector active area—even with sub-milliwatt average power level.   
 
 
Figure 3: Optical arrangement comprising the relative pulse quality sensor to enable integrated CPA system feedback for pulse width 
stabilization.  A small portion (< 1%) of the system output beam is split off and directed sequentially through a 30 mm focal length lens, a silicon 
(Si) wafer to absorb stray light (with Ȝ < 1100 nm), and a neutral density (ND) filter before focusing upon the active region in a silicon 
photodiode (PD).    
In our configuration, a 30 mm focal length lens focuses a small portion of the CPA system output beam onto the 
active area of a silicon photodiode (PD).  This focal length is a compromise between a small beam waist for strong 
2PA and providing a reasonable depth of focus for ease of alignment.  Between the lens and the photodiode, a 
silicon (Si) wafer and a neutral density (ND) filter are inserted for, respectively, optical long-pass filtering and 
incident power optimization for the PD dynamic range.  This optical assembly is aligned coaxially inside a sealed 
aluminum tube to block stray light from oblique angles.  The entire sensor assembly—including our printed circuit 
board and opto-mechanical mount—occupies < 4 cm2 footprint and is readily integrated with our pulse compressor 
assembly.   
 
The tunability of the standard ultrafast laser pulse compressor [11] is well-understood: the axial distance between 
diffraction gratings determines the magnitude of group velocity dispersion (GVD), third order dispersion (TOD), 
and higher order dispersion that the compressor transfer function will provide.  Figure 4 illustrates the pulse width 
tuning achieved by adjusting the inter-grating distance in steps of 166 ȝm.  The pulses are measured with a standard 
second harmonic generation (SHG) autocorrelator (Femtochrome FR-103XL), and the data are normalized to the 
highest peak power achieved (fourth panel from left).  From these pulse traces, we deconvolve the laser pulse 
duration and compare these figures to the signal output by our discrete 2PA photodiode sensor that has been 
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integrated into the laser system opto-mechanical set-up.  The idea here is to correlate the simple voltage level from 
an integrated sensor to a much more sophisticated ultrafast laser pulse measurement in order to establish a reliable 
feedback mechanism for software-controlled industrial platforms.   
 
 
Figure 4: Intensity autocorrelation data for ultrafast laser pulse width tuning provided by adjusting the inter-grating distance, in 166 ȝm steps, in a 
Treacy compressor [11].  These pulse set-points were used for the FWHM measurements as well as the integrated sensor signal analysis.   
In the Raydiance Smart Light™ commercial laser product, compressor pulse tuning is enabled by a motorized 
linear translation stage that shifts the location of an inter-grating fold mirror, such that this one motion tunes optical 
path length between the gratings (to adjust dispersion) without altering the beam pointing angle.  Thus there is no 
discernable beam translation or pointing change at the compressor output.  The signal to this actuator is controlled 
by a digital electronic interface to a single-board computer (SBC) that runs the Raydiance proprietary software 
operating system through the Linux kernel.  Our software control loop monitors the 2PA sensor continuously.  
When the sensor output voltage changes by more than a programmed threshold value, the software initiates a seek 
algorithm to determine in which direction to move the mirror, and to subsequently advance the stage along that 
direction until the new peak voltage is achieved.  The algorithm has shown robust pulse width stabilization with 
ambient temperature ramp rate > 0.5 °C/min.  Laser stability data will be illustrated in detail in the next section.   
 
We have described the ultrafast laser pulse width stabilization technique, the experimental set-up for evaluating 
the achieved performance, and the translation of the basic operating principles into a robust industrial platform.  The 
characterization of the 2PA detector and the full implementation of the pulse width stabilization system in our 
ultrafast laser platform are described in the next section.   
3. Results and Discussion 
There are two salient results reported here: (1) the 2PA pulse quality sensor response versus compressor tuning 
and (2) the integrated CPA system pulse stability versus system operational time and ambient temperature.  Figure 5 
(left) shows a direct comparison of the pulse width measured by autocorrelation (blue curve) against the voltage 
output from our 2PA detector (red curve).  The 2PA detector comprises the silicon photodiode with focusing and 
filtering elements directing an appropriate beam onto the detector active region.  Key aspects of this data are that the 
2PA detector provides one global maximum, and that this maximum coincides precisely with the shortest pulse 
duration as measured with autocorrelation.  The asymmetry in the tuning curve is due primarily to the offset of 
optimal position between the dispersion and dispersion slope—due to an imperfect system dispersion map—as the 
inter-grating distance is adjusted.  The other variations in the otherwise smooth curves are the result of phase and 
amplitude imperfections imposed by the laser system net transfer function.  
 
For comparison, Figure 5 (right) shows the expected dependence of pulse width versus compressor tuning for a 
transform-limited Gaussian-shaped pulse with spectral bandwidth and center wavelength similar to our actual laser 
system.  This ideal case is rarely realized in practice—even for research grade femtosecond systems—owing to the 
difficulty in matching stretcher, compressor, and laser gain material dispersion through fourth-order or higher terms.  
Though our measured data departs somewhat from an ideal dispersion tuning curve, our optimized pulse width 
(~700 fs) matches closely a transform-limited pulse of similar spectral bandwidth.  Moreover, the tuning curve is 
sufficiently monotonic toward the optimal dispersion point that the simple control algorithm will always find the 
best pulse quality without disruption to the laser user.  
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Figure 5: (Left) Direct comparison of the pulse width measured by autocorrelation (blue curve) against the voltage output from our 2PA detector 
(red curve) as the pulse compressor inter-grating distance is adjusted (matches pulse data in Figure 4).  (Right) Prediction of pulse width for a 
perfect Gaussian pulse as the pulse compressor inter-grating distance is adjusted with identical increments over the same range.   
Finally, the 2PA detector has been integrated into Raydiance’s industrial ultrafast laser platform along with 
dynamic, motorized control of inter-grating distance in the pulse compressor.  The embedded software system 
efficiently optimizes the laser pulse quality using a simple peak signal seek algorithm with feedback from the 2PA 
detector and small displacements of the motorized compressor actuator.  The resultant pulse width stabilization 
mechanism is displayed in Figure 6 for a total of 8 hours continuous monitoring (one measurement per minute), with 
ambient temperature changing by 7 °C, and including laser power cycling with different power set-points.  8 hours 
of data are shown here for consistency with standard ISO laser evaluation protocol for other parameters [12].  
Despite the shifting ambient temperature and the modified power set-point—which impacts the pulse amplification 
dynamics—the ~700 fs pulse width had relative variability ǻĲ = 4%, calculated using equation (2):  
 
ο߬ ൌ ʹߪ ߬଴ൗ                                                                                       (2) 
 
where ı is the standard deviation and Ĳ0 is the mean pulse width.  Moreover, we believe our pulse width variability 
measurement is limited by the stability of the external autocorrelator which has its own temperature sensitivities.   
 
 
Figure 6: Pulse width stabilization for a total of 8 hours continuous monitoring (1 measurement per minute), with ambient temperature changing 
by 7 °C, and including laser power cycling with different power set-points. 
We have recorded substantially similar performance for nearly 10 full days of continuous operation with power 
cycling and output monitoring.  Figure 7 shows the laser output average power (blue) and pulse width (green) versus 
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temperature variation (red), measured over 233 hours of continuous operation.  It should be noted that this 
evaluation period substantially exceeds the standard (ISO) specified interval of 8 hours, yet it reflects a realistic 
scenario for continuous laser usage for high volume part manufacturing.  Over the 233 hours, there are 11 large 
temperature swings due to standard climate control system cycles inside our facility.  The laser average power mean 
value and relative variability are, respectively, 5.2 W and 1.2%, measured according to ISO protocol [12].  The 
pulse width mean value and relative variability are, respectively, 738 fs and 6.1%, measured as described above.  
This performance level and consistency are sustained autonomously by the internal software control system, and no 
manual intervention was involved in laser operation or data acquisition during the measurement period.   
 
 
Figure 7: Laser output average power (blue) and pulse width (green) stability for a total of 233 hours continuous monitoring (1 measurement per 
minute), with ambient temperature (red) changing by 5.8 °C, and including laser on/off power cycling.  
4. Summary 
Industrial laser materials processing is now leveraging ultrafast laser technology owing to the recent development 
of a true industrial grade femtosecond laser platform based on a fiber-optic photonics layer and an autonomous, 
embedded software control system.  Herein, we described a key aspect of this technology comprising a discrete and 
robust pulse width stabilization technique.  Characterization data of the integrated pulse quality sensor versus pulse 
width tuning has been provided along with real-time performance evaluation of the fully integrated and packaged 
laser system over relevant time and ambient temperature ranges.  The need for resilient ultrafast laser systems for 
realistic manufacturing environments is clearly evident based on pulse width dependency for process quality, speed, 
and repeatability.  The active stabilization method demonstrated here will enable rapid deployment of ultrafast laser 
capability for high value applications in diverse platform settings.   
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